Abstract
INTRODUCTION
Evaluation of the energy behaviour of a hydraulic motor is an evaluation of its overall efficiency η M = f (n M , M M , ν), i.e. evaluation of the overall efficiency η M as a function of motor shaft speed n M and load M M and of the working fluid viscosity ν. This is also assessment of the value and proportions of the motor mechanical, volumetric and pressure losses deciding of the motor mechanical η Mm , volumetric η Mv and pressure η Mp efficiency, where the product η M = η Mm η Mv η Mp determines the motor overall efficiency η M . The energy losses and the corresponding efficiencies η Mm , η Mv and η Mp should be determined as a function of parameters having a direct impact on the particular losses and efficiencies.
Designers and makers of rotational hydraulic motors and hydrostatic systems have not had so far a tool to determine their energy behaviour in the ( , ) field of change of the hydraulic motor shaft speed and load coefficients and in the ν min ≤ ν ≤ ν max field of change of the working fluid viscosity.
The rotational motor producers make erroneous routine evaluations of the following energy efficiencies and work parameters: -the motor overall efficiency η M as a function of the shaft speed n M and motor pressure decrease ∆p M (e.g.
[11÷14]) -the motor overall efficiency η M as a product of the volumetric efficiency η Mv and the so called "mechanical -hydraulic efficiency" η Mmh , determined all the three as a function of the same parameters (e.g. The hydraulic motor researchers evaluate in a wrong way the losses arising in the motor: -the motor torque M Mm of mechanical losses as a function of the motor pressure decrease ∆p M and shaft speed n M -a sum of torque M Mm of mechanical losses and the so called "torque of pressure losses" (resulting from the pressure losses ∆p M in the motor) -as a function of motor pressure decrease ∆p M and the shaft speed n M -the intensity Q Mv of volumetric losses in the motor as a function of the motor pressure decrease ∆p M (or as a function of the motor shaft torque M M ) and as a function of the motor shaft speed n M .
M M ) as a function of the motor shaft speed n M and torque M M at a specified fluid viscosity ν and presenting the impact of viscosity ν on the overall efficiency η M (e.g. [10] ). It is a common deficiency that no information is given about the dependence of the motor mechanical, volumetric and pressure losses on the kinematic viscosity ν of the working fluid used in the hydrostatic drive system.
The fundamental reason of the erroneous evaluations are commonly accepted views on the research methodology and on the method of determining the energy losses in pumps and in hydraulic motors . That method is based, among others, on the traditional reading of the energy balance of a hydrostatic drive system from the Sankey diagram [1÷9] . The present unsatisfactory state is also effect of using simplified evaluations of the relations of particular losses to the motor or pump working parameters and to the working fluid viscosity.
Therefore, the aim of this paper is to define the work parameters, developed powers, losses and energy efficiency of a rotational hydraulic motor and also demonstrating their complex interdependence. The analysis of those definitions and relations will be a basis of conclusions regarding the investigations of motor energy characteristics.
ROTATIONAL HYDRAULIC MOTOR -WORK PARAMETERS, POWERS, ENERGY LOSSES, ENERGY EFFICIENCY -DEFINITIONS AND RELATIONS
-Motor shaft rotational (angular) speed n M (ω M ) varies in the ( , ) field of the hydrostatic drive system operation. The instantaneous n M (ω M ) value is required by the machine (device) driven by the motor. The instantaneous value of the n M (ω M ) speed is independent of the instantaneous value of the M M torque loading the motor shaft and also independent of the energy losses in the hydraulic motor and in the hydrostatic drive system. -M M torque loading the motor shaft varies in the ( , ) field of the hydrostatic drive system operation. The instantaneous value of M M torque is required by the motor driven machine (device). The instantaneous value of M M torque is independent of the instantaneous value of the required motor shaft speed n M (ω M ) and also of the energy losses in a hydraulic motor and in the hydrostatic drive system. -Working fluid (hydraulic oil, oil-water emulsion) kinematic viscosity ν changes in the ν min ≤ ν ≤ ν max range. The instantaneous value ν of the viscosity of fluid flux reaching the hydraulic motor is independent of the motor and of the energy losses in the motor. -Motor useful power P Mu , required on the motor shaft by the driven machine (device), is a product of the required M M torque loading the motor shaft and the required shaft angular speed ω M :
The motor useful power P Mu is independent of the energy losses in the hydraulic motor and the hydrostatic drive system. -M Mm torque of mechanical losses in the motor, occurring in the "shaft -working chambers" assembly, is a function of the required M M torque loading the motor shaft and of the required shaft rotational speed n M . The n M speed influences the inertia forces of "shaft -working chambers" assembly elements and in effect the friction losses in the piston, satellite and vane motors. The M Mm torque of losses is to a some extent also a function of the working fluid viscosity ν.
The impact of fluid viscosity on the mechanical losses in the "shaft -working chambers" assembly occurs mainly in the piston motors with fluid in the motor casing:
-Power ∆P Mm of mechanical losses in the motor, occuring in the "shaft -working chambers" assembly, is a product of the M Mm torque of mechanical losses and shaft angular speed ω M :
-M Mi indicated torque in the motor working chambers (at the point of conversion of the working fluid pressure energy into mechanical energy of the "shaft -working chambers" assembly), required by the motor from the driving working fluid, must be greater than the M M torque loading the motor shaft [required by the driven machine (device)] because of the necessity of balancing also the M Mm torque of mechanical losses in the "shaft -working chambers" assembly. 
For evaluation of the decrease ∆p Mi of pressure indicated in the motor working chambers (with determined theoretical capacity q Mt per one shaft revolution) a formula can be used relating the M M torque loading the motor shaft with the known motor mechanical efficiency η Mm [formula (11)]:
with:
i.e. a formula where mechanical efficiency η Mm is defined as a function of parameters influencing the M Mm torque of mechanical losses in the "shaft -working chambers" assembly and as a function of the M M torque loading the motor shaft. -P Mi indicated power in the motor working chambers is required by the motor from the driving working fluid at the point of conversion of the working fluid pressure energy into mechanical energy of the "shaft -working chambers" assembly. The P Mi is equal to the product of the M Mi torque indicated in the chambers and the shaft angular speed ω M .
The power P Mi indicated in the working chamber is a sum of useful power P Mu [required on the motor shaft by the driven machine (device)] and the power ∆P Mm of mechanical losses in the "shaft -working chambers" assembly:
The P Mi power indicated in the motor working chambers is not a function of the decrease ∆p Mi of pressure indicated in the chambers and of theoretical motor capacity q Mt per one shaft revolution. For evaluation of the P Mi power indicated in the motor working chambers a formula can be used relating the motor shaft useful power P Mu with the known motor mechanical efficiency η Mm [formula (11)]:
i.e. a formula, where mechanical efficiency η Mm is defined as a function of parameters influencing the M Mm torque of mechanical losses in the "shaft -working chambers" assembly and as a function of the M M torque loading the motor shaft. -The motor mechanical efficiency η Mm is a ratio of useful power P Mu on the shaft [required by the motor driven machine (device)] to the power P Mi indicated in the motor working chambers (required by the motor of the driving fluid at the point of conversion (change) of the working fluid pressure energy into the mechanical energy of the "shaft -working chambers" assembly). The η Mm efficiency can be also determined by the ratio of motor shaft torque M M to the torque M Mi indicated in the working chambers:
The motor mechanical efficiency η Mm is a function of torque M Mm of mechanical losses in the "shaft -working chambers" assembly and the shaft loading torque M M . Therefore, the η Mm efficiency is a function of torque M M and shaft rotational speed n M and a function of working fluid viscosity ν, which influences (apart from M M ) the torque M Mm of mechanical losses in the "shaft -working chambers" assembly:
because:
The motor mechanical efficiency η Mm can be also evaluated from the formula: 
The intensity Q Mv of volumetric losses in the motor working chambers is a complex function of torque M M and motor shaft speed n M and also working fluid viscosity ν, i.e. of parameters independent of the motor and motor losses. 
The motor volumetric efficiency η Mv (with determined theoretical capacity q Mt per one shaft revolution) is a function of intensity Q Mv of volumetric losses in the motor and of the motor shaft rotational speed n M . Therefore, efficiency η Mv is a function of the decrease ∆p Mi of pressure indicated in working chambers and a function of the rotational speed n M as well as a function of the working fluid viscosity ν (which have an impact on the intensity Q Mv of volumetric losses) and also directly a function of rotational speed n M :
because: Q Mv = f (∆p Mi , n M , ν).
-Losses ∆p Mp of working fluid pressure in the motor channels are a sum of two pressure losses i.e. loss ∆p Mp1 of pressure in the inlet channel (between the motor inlet point and working chambers) and loss ∆p Mp2 of pressure in the outlet channel (between the working chambers and the motor outlet point). Losses ∆p Mp are a function of motor capacity Q M and of working fluid viscosity ν:
Losses ∆p Mp of working fluid pressure in the motor channels are a complex function of the motor shaft speed n M and torque M M and the working fluid viscosity ν, i.e. parameters independent of the motor and of losses in it. (2) 
because: ∆p Mp = f (Q M , ν).
-The motor overall efficiency η M is a ratio of the useful power P Mu on the motor shaft required by the driven machine (device) to the power P Mc consumed by the motor:
Replacing in formula (39) the power P Mc consumed by the motor with equations describing its dependence on the useful power P Mu and on the powers ∆P Mm , ∆P Mv and ∆P Mp of the energy losses in the motor (with a determined theoretical capacity q Mt per one shaft revolution), we obtain the expressions describing the motor overall efficiency η M as a function of the losses:
with reference to equation (32): (40) with reference to equation (33): (41) with reference to equation (34):
Expressions (41) and (42) are equivalent.
The motor overall efficiency η M is therefore a function of torque M Mm of mechanical losses in the "shaft -working chambers" assembly, intensity Q Mv of volumetric losses in the working chambers and losses ∆p Mp of pressure in the motor channels. The η M efficiency is also a function of the motor shaft torque M M and speed n M required by the driven machine (device):
Torque M Mm = f (M M , n M , ν) of mechanical losses from friction of elements in the motor "shaft -working chambers" assembly is a function of the required torque M M loading the motor shaft. In the piston, satellite and vane motors, torque M Mm of the losses is also a function of the required speed n M influencing the inertia forces in the "shaft -working chambers" assembly and in effect the forces of friction between those elements. In the piston motors in particular, with working fluid in the casing, the torque M Mm of the losses is also a function of the fluid viscosity ν, which influences the friction between the "shaft -working chambers" assembly elements and the fluid.
Intensity Q Mv = f (∆p Mi , n M , ν) of volumetric losses in the motor working chambers is a function of the decrease ∆p Mi of pressure indicated in the chambers and, to some extent, a function of motor shaft rotational speed n M and also a function of working fluid viscosity ν.
Losses ∆p Mp = f (Q M , ν) of the working fluid pressure in the motor channels are a function of the motor capacity Q M and of the working fluid viscosity ν.
In order to evaluate the dependence of overall efficiency η M of the motor (with determined theoretical capacity q Mt per one shaft revolution) on parameters independent of the losses in the motor, i.e. evaluate η M as a function of the required motor shaft torque M M and speed n M and also as a function of the working fluid viscosity ν, a product of the motor mechanical efficiency η Mm , volumetric efficiency η Mv and pressure efficiency η Mp must be used: Decrease ∆p Mi of pressure indicated in the working chambers [equation (6)] is a function of the loading torque M M and torque M Mm of mechanical losses in the "shaft -working chambers" assembly. Capacity Q M in the motor channels [equation (16)] is a function of motor shaft speed n M and the intensity Q Mv of volumetric losses in the working chambers.
Formula (46) shows a direct dependence of the torque M Mm of mechanical losses in the "shaft -working chambers" assembly on the torque M M and on the motor shaft rotational speed n M as well as on the working fluid viscosity ν.
Formula (46) 
ANALYSIS OF THE PRESENTED DEFINITIONS AND RELATIONS
1. The power P Mc consumed by the motor is a sum of motor shaft useful power P Mu and powers of three different energy losses in the motor. The losses occur in series increasing power stream in the opposite direction to the direction of power flow. In effect, the power stream in the motor increases from the shaft useful power P Mu to the working fluid power P Mc consumed by the motor:
Mechanical losses (and power ∆P Mm ) occur in the "shaft -working chambers" assembly, volumetric losses (and power ∆P Mv ) occur in the working chambers, pressure losses (and power ∆P Mp ) occur in the motor channels.
2. Figure 1 12. The pressure efficiency: must be evaluated as a function of parameters which have a direct impact on the pressure losses ∆p Mp in the motor channels, i.e. as a function of the motor capacity Q M and a function of the working fluid viscosity ν. At the same time, the pressure efficiency η Mp is directly a function of the pressure decrease ∆p Mi indicated in the motor working chambers, because pressure losses ∆p Mp in the motor channels are "added" to the pressure decrease ∆p Mi , causing decrease of power transmission efficiency in the channels. If we wish to present the motor pressure efficiency η Mp as a factor in the product η Mm η Mv η Mp describing the motor overall efficiency η M , i.e. to present η Mp as a complex dependence on the parameters (M M , n M , ν) describing the overall efficiency η M and as a dependence on the mechanical and volumetric losses in the motor, the pressure losses ∆p Mp = f (Q M , ν) in the channels should be determined with Q M = q Mt n M + Q Mv , the intensity Q Mv = f (∆p Mi , n M , ν) of volumetric losses in the chambers should be determined with:
and with torque M Mm of mechanical losses in the "shaft -working chambers" assembly determined as a function of M Mm = f (M M , n M , ν). 13. Therefore, the picture of the characteristics of overall efficiency as a product η Mm η Mv η Mp of efficiencies correctly described by the characteristics of mechanical efficiency η M = f (M M , n M , ν), volumetric efficiency η Mv = f (∆p Mi , n M , ν) and pressure efficiency η Mp = f (∆p Mi , Q M , ν) is complex.
CONCLUSIONS
1. The methods of investigation of the rotational hydraulic motor losses and energy efficiency, used in the scientific research and in industrial practice, give incorrect results because: -losses and efficiencies are evaluated as functions of parameters which depend on those losses or which have no direct impact on the losses, -the mechanical, volumetric and pressure losses and the corresponding efficiencies are presented as directly dependent on the same parameters, although each of those losses is a function of different parameters and is a different function of the working fluid viscosity ν.
2. In the investigations of the hydraulic motor (pump and a hydrostatic transmission system) losses and energy efficiency it is necessary to use as a guide the diagram of the direction of increasing power stream from the hydraulic motor shaft to the pump shaft.
3. The complex method of evaluation of the motor overall efficiency η M = f (M M , n M , ν) as a product η Mm η Mv η Mp of three efficiencies correctly described by the characteristics of mechanical efficiency η Mm = f (M M , n M , ν), volumetric efficiency η Mv = f (∆p Mi , n M , ν) and pressure efficiency η Mp = f (∆p Mi , Q M , ν) should be replaced by a method of evaluation of the motor efficiency based on the defined coefficients k i of the motor and the motor driving system energy losses. The proposed motor efficiency evaluation is performed as a part of the energy efficiency evaluation of the hydrostatic driving system where the motor is used.
4. The evaluation method of the hydraulic motor (and also of the pump and of the hydrostatic driving system) energy efficiency is based on the mathematical models of losses where each type of losses is a function of parameters influencing directly the losses and independent of those losses. Evaluated are the loss coefficients k i relating the hydraulic motor (pump and system) mechanical, volumetric and pressure losses to the reference values: driving system nominal pressure p n , pump theoretical capacity Q Pt , motor theoretical rotational speed n Mt and theoretical torque M Mt . The loss coefficient k i are determined at the working fluid reference viscosity ν n . Also the impact is determined of the viscosity ratio ν/ν n (viscosity changing in the ν min ≤ ν ≤ ν max range) on the value of loss coefficients k i . The method allows to evaluate the values and proportions of mechanical, volumetric and pressure losses in the motor (pump, driving system) and their dependence on the fluid viscosity ν. The knowledge of coefficients k i of the mechanical, volumetric and pressure losses allows to obtain, by applying a numerical method, a picture of the overall efficiency of the motor (pump and system) in the ( , ) motor operating field and for the selected ratio ν/ν n of fluid viscosity. Simultaneously, the ( , ) motor (pump and system) operating field is determined for a selected ν/ν n ratio of the working fluid viscosity to the reference viscosity. It is assumed that the method is precise and simple in use. It reduces the necessary laboratory investigations of pumps and hydraulic motors. Il allows to seek energy saving displacement machine designs. It also allows to evaluate the drive energy efficiency and to seek energy saving structures of hydrostatic transmission systems. 
